Vertical contact-separation mode triboelectric generator (TEG) based on lead-free perovskite, zinc stannate (ZnSnO 3 )-polyvinylidene fluoride (PVDF) composite and polyamide-6 (PA6) membrane is demonstrated. For the 5wt% PVDF-ZnSnO 3 nanocomposites, the facile phaseinversion method provides a simple route to achieve high crystallinity and β-phase with a piezoelectric coefficient d 33 of -65 pmV -1 , as compared to -44 pmV -1 for pristine PVDF membranes. Consequently, at a cyclic excitation impact of 490 N/3 Hz, the PVDF-ZnSnO 3 /PA6 based TEGs provide a significantly higher voltage of 520 V and a current 2 density of 2.7 mAm -2 (corresponding charge density of 62.0 µCm -2 ), as compared to the pristine PVDF-PA6 TEG which provides up to 300 V with a current density of 0.91 mAm -2 (corresponding to a charge density of 55.0 µCm -2 ). This increase in the electrical output can be attributed to not only the enhanced polarisation of PVDF by ZnSnO 3 leading to an increase in the β-phase content, but also to the surface charge density increase by stress induced polarisation of ZnSnO 3 , leading to the generation of stronger piezoelectric potential.
Introduction
With the rapid advances in wearable and wireless electronic devices, the need for high performance energy harvesters to scavenge electrical power from ambient sources as well as human movement to power electronic devices is becoming hugely important [1] [2] [3] . To this effect, triboelectric generators (TEG) have gained huge attention due to their high energy output and conversion efficiency, ease of fabrication, simple design and use of inexpensive materials [4] [5] [6] . The TEG operation is based on the contact electrification and electrostatic phenomena in which the static charges are produced on the dissimilar dielectric polymer surfaces when they are brought into contact with each other [5, 6] . The triboelectric charge density itself can be improved by judicious selection of the materials, i.e. the materials chosen should be as far apart in the triboelectric series in their ability to gain/loss charges [6] [7] [8] . By observing the triboelectric series, it is clear that polyamide-6 (PA6, Nylon) tends to lose electrons when it is in contact with other polymers while poly(vinylidene fluoride), PVDF, has a significant ability to gain electrons owing to the large electronegativity of the fluorine groups. To this effect, TEGs based on fluorinated polymers and polyamides have been shown in the literature for energy harvesting systems, self-powered anti-corrosion system and UV detectors among other applications [9] [10] [11] . Further enhancement in the charge density of such systems can be obtained by modulation of surface roughness by plasma treatment [12] , silicon nanostructures based templating [13] , ion beam etching [14] , biomimetic structures [15] , nanoparticle dispersion [16] and more recently through ferroelectric polarisation mediation [17] . For fluorinated polymers, the charge density can be enhanced via controlling the polarisation state by either using external electric field or via the use of suitable additives and processes to yield high polarisation. In a recent study carried out by Lee et al. [18] , it was observed that for a pristine poly[(vinylidenefluoride-cotrifluoroethylene] -polyethylene napthalte based TEG, post-polarisation of PVDF enhanced the output voltage from an initial value of 15 V to 400 V. To induce and enhance the polarised β-phase in PVDF based systems, high electric fields of ~100 MV/m or above are required under elevated temperatures (>80-90 ℃), which is time consuming procedures and needs expensive high voltage setups. In our recent work [19] , we have demonstrated selfpolarised PVDF films via a facile phase-inversion technique wherein the polymorphism of the films was controlled from an exclusive α-phase (>90%) to β-phase (>95%) by simply varying the quenching temperature of the films, thereby making them highly suitable for electroactive applications.
As one of many Pb-free piezoelectric materials in non-centrosymmetric group, zinc stannate (ZnSnO 3 ), shows a strong piezoelectric response and a large spontaneous polarization value [20] . This large polarisation value occurs due to the large displacement of Zn based on a strong covalent bond between three oxygen and zinc atoms [21] and is significantly higher than other oxides such as KNbO 3 , ZnO and BaTiO 3 . As a relatively new material, ZnSnO 3 is widely desired to be utilized in piezoelectric application for nanogenerators in various structure with high polarization, for example ZnSnO 3 with LiNbO 3 (LN)-type structure [20] , synthesized upon high pressurization or ilmenite-type ZnSnO 3 [22] synthesized by an ion exchange method. More recently, piezoelectric nanocomposites generators based on PDMS with an enclosure of ZnSnO 3 of 6-40 wt% have been reported in the literature [23] . In a recent report by Wang et al. [23] , TEG based on 6 wt% PDMS-ZnSnO 3 /aluminium system produced 400 V and 28 µA with an effective power of 3 mW, demonstrated its potential for the development of high performance generator. Herein, based on the enhanced triboelectrificaton of dielectric PVDF-ZnSnO 3 composite membranes; PVDF-ZnSnO 3 /PA6 triboelectric generators are demonstrated. The membranes were synthesised using a facile phase-inversion method which provides a simple route to control and achieve high crystallinity and β-phase for the PVDF and PVDF-ZnSnO 3 membranes.
Under the vertical contact mode, the voltage and current outputs for PVDF-ZnSnO 3 /PA6 system are enhanced by 70 and 200%, respectively. Through a further optimisation of spacing between the membranes, peak-to-peak open-circuit voltage (V oc ) of 1200 V and short-circuit current (I sc ) of 20 μA can be achieved. The increase in the power output of the PVDF-ZnSnO 3 /PA6 system is attributed to the enhanced polarisation and β-phase content and crystallinity of the PVDF/ZnSnO 3 membranes. The work thus introduces a simple route for enhancing the polarisation and power output of TEGs without relying on prior charge injection technique and thus has the potential to be utilised further to making self-powered systems.
Experimental

Materials
Polaymide The high shear speeds encountered during the compounding process helps achieve high dispersion of ZnSnO 3 in the PVDF matrix.
Membrane Preparation by phase-inversion process
The dope solutions for the synthesis of the membranes was prepared using a 20 wt% solution in the corresponding solvent (Formic acid for PA6 and N, N-Dimethylformamide for PVDF, respectively) by continuously stirring at approximately 70 °C for three hours. After the preparation of dope solution, a certain volume of the solution was deposited on highly polished silicon wafer via spin-coating process. The spin-coating process was performed using Spin 150 single substrate spin processor using the following protocol: initial spinning at 10 rpm (rotation per minute) for 5 sec followed by 2000 rpm for 20 sec. The coated substrate was then immersed immediately in an anti-solvent bath kept at the desired quenching temperature, T Q , of ~20 o C. The free-standing membranes thus obtained were then rinsed repeatedly in distilled water and left overnight in de-ionised water to remove any residual solvent. The complete removal of solvent was further confirmed through Fourier transform infrared spectroscopy (FTIR) analysis.
Preparation of triboelectric generators
The double-layered structure of the TEG is shown in Fig. 1 wherein the first layer of PA6 membrane is attached using a conductive adhesive aluminium tape electrode on one side, while the opposite side is of PVDF or PVDF-ZnSnO 3 blend membrane, again attached using conductive aluminium tape. The diameters of all three different types of circular membranes were 8.5 cm. Two square acrylic sheets of 9 cm x 9 cm were used as the substrate and each of the membranes was fixed on its centre. These two substrates were then connected using two arc-shaped polyimide supports to maintain the desired spacing between them. The electrical measurements of the TEG were carried out using an Instron 8872 fatigue testing system in conjunction with a TDS3012B oscilloscope and Keithley picoammeter. The operating load and speed range of the fatigue testing system are between 2 to 25,000 N and 0.005 to 60,000 mm.min -1 thus allowing relatively precise control over the impact load and frequency. In addition, the system allows the collection of the impact force data during high speed operation, thus the impact force when two layers of the TEGs make a direct contact can be directly detected by the system during the test.
Characterisation
Results and discussion
Microstructural characterisation of phase-inversion membranes
During the phase inversion process, the PVDF and PVDF-ZnSnO 3 membranes are formed by quenching the spin coated films into a non-solvent bath to induce rapid liquid-liquid and liquid-solid phase separation events [19, 24, 25] . In our previous work [19] , we have shown that the porosity of the PVDF membranes decreases with the decrease in the T Q which is attributed to the slow crystallisation and elimination of DMF from the dope solution which itself arises from the reduced mobility and miscibility of DMF at lower temperatures. For both PVDF and PVDF-ZnSnO 3 membranes, it can be clearly observed that the porous structure exists only on the surface of the membranes rather than throughout the cross-section. In fact, the diameter of the pores on the pristine PVDF membrane is in the range from 0.1-0.5 μm, whereas the pores on PVDF-ZnSnO 3 membranes are in the 0.5-1.0 μm range with a slightly higher density, which could be attributed to the changes in liquid-solid phase separation events due to the presence of second phase i.e. ZnSnO 3 . The presence of ZnSnO 3 in the composite membranes was confirmed using X-ray photoelectron spectroscopy (see Supporting Information, S2). As compared to the PVDF membranes (5-10 µm), the slightly thicker PA6 membranes (~20 µm) shows significantly higher porosity with a pore size of 1.0-1.5 μm which again does not extend throughout the thickness of the membrane. According to previous studies, porosity can be introduced into the PA6 membrane structure via the addition of water into the PA6/formic acid dope solution and further enhanced by increasing the concentration of water in the system [26, 27] . While no water was introduced separately during the membrane formation process, the ability of polyamides to absorb water from the ambient quite readily and the fact that there is nearly 2.5% water in the formic acid itself would have contributed to the introduction of porosity in the membranes [26, 27] . For both the PVDF and PA6 membranes, the rapid removal of solvent arising due to the solvent anti-solvent interaction leads to the formation of porosity in the structure which can contribute positively to the enhancement in the power density of the TEGs. Previous studies carried out by various groups have demonstrated that the charge density of the TEG can be enhanced by effectively controlling the microstructure and porosity of the polymer films [4, 9, 28, 29] . In a recent work by Wang et al., nanostructured porous PVDF and PA6 membrane based TEG produced a significantly higher charge density (71 μCm -2 ) than their smooth counterpart (48 μCm -2 ), on account of larger surface area, thus showing the effect of porosity on the TEG operation and as such is a contributory factor in enhancing the power output of the TEG [9] .
The Fourier transform infrared spectroscopy (FTIR) of the PVDF and PVDF-ZnSnO 3 films is shown in Fig. 3 (a). The quantification of the β-phase in crystalline PVDF matrix relative to α-phase was carried out using the signature vibrational bands at 760 cm -1 (CF 2 bending and skeletal bending) and 840 cm -1 (CH 2 rocking and CF 2 asymmetric stretching vibration) [19, [30] [31] [32] [33] [34] [35] [36] . Upon phase inversion, a significant increase in the β-phase is achieved for the PVDF membranes, wherein the β-phase is enhanced to ~49% from an initial value of from ~35% for the starting PVDF pellets. With the introduction of ZnSnO 3 to the PVDF, at the same processing conditions, the β-phase content is further enhanced to nearly 72%.
Interfacial interactions occurring between the ZnSnO 3 nanocubes and the PVDF matrix were also observed via the shifts in the CH 2 asymmetric and symmetric stretching vibrations modes as shown in Fig. 3(b) . For the PVDF-ZnSnO 3 membranes, as compared to both pristine PVDF pellets and membranes, the asymmetric CH 2 (υ as ) vibrations showed a marked downshift from ~3025 cm -1 to ~3019 cm -1 , which has been attributed to the increase in the effective mass of the CH 2 dipoles resulting in the damping of the vibrational frequency [37, 38] . In fact, the deconvoluted values of the FTIR peak positions match very well with those reported in the literature for the β-phase PVDF films, wherein the calculated frequencies for the weak asymmetrical and symmetrical peaks occur at 3024 and 2984 cm -1 , respectively [39] (see Supporting Information, S3). A similar shift in the XPS spectra of the PVDF-ZnSnO 3 membranes was observed CH 2 binding energy wherein its peak position shifted by 0.7 eV Fig. 3(d) ) [19, 24, 25, 34, 35] . The T M of PVDF granules and pristine PVDF membranes is 173.6 °C and 173.0 °C respectively, very close to each other. However, the T M of PVDF-ZnSnO 3 membrane is 165.5 °C, approximately 8 °C lower than the other two samples. According to the previous reports, this reduction of the T M is largely caused by the enhanced β-phase content and the change in the porosity of the membranes [19, 32, 36] . For starting pellets, a low crystallinity of the order of 38.6% is observed which is enhanced to nearly 46.8% for the pristine PVDF membranes and is further enhanced to nearly 60.1% for the PVDF-ZnSnO 3 membranes ( Fig. 3(e) ). These values are in agreement with those obtained from FTIR measurements shown above. From previous studies carried out by Gomes et al. [33] , for PVDF it has been established that the piezo-and ferro-electric behaviour of PVDF depends on the crystalline β-phase content and the saturation polarization increases with an increase in the ferroelectric β-phase content in the sample. The PVDF-ZnSnO 3 membranes with higher β-phase content should display higher polarization and as such should possess larger triboelectric charge density for acquiring the electrons from the PA6 membrane. As compared to the PVDF membranes, the PVDF-ZnSnO 3 membranes show an increase in the real part of the complex dielectric permittivity, ε` across the measurement range ( Fig. 3(f) ) which should correspond to higher polarisation. Due to the lower loading of ZnSnO 3 (5 wt%, ~2.5 vol%), no interfacial or Maxwell-Wagner Sillars (MWS) polarisation could be observed, however an increase in the dielectric constant of the composite membranes was still notable, particularly in the low frequency range [29, 30] . For polymer systems, it is understood that the higher dielectric constant can also arise from the lower crystallinity of the samples as the chains are more mobile, however the DSC results show significantly higher crystallinity for the composite samples, thus confirming that enhancement of ε` comes from the presence of ZnSnO 3 .
Electrical characterisations of TEGs
Figs. 4(a, b) shows the output voltage of pristine PVDF/PA6 and PVDF-ZnSnO 3 /PA6
TEGs with three different spacer distances (5 cm, 10 cm, and 15 cm) at a fixed driving frequency of 3 Hz. At the same working frequency, with the increase in the spacing between the two substrates, the force value detected by the sensor at the precise moment of contact between the two layers also increases. It can be clearly observed that the magnitude of the output voltage increases almost linearly as a function of the applied force (spacing). In fact, at 140 N/5 mm gap spacing, the output voltage detected from the PVDF-ZnSnO 3 /PA6 TEG (242 V) was nearly 2.5 times higher than the pristine PVDF/PA6 TEG (90 V). This increasing trend continues across the force, spacing variables with a maximum voltage value of 254 V and 378 V for the PVDF/PA6 TEG and PVDF-ZnSnO 3 /PA6 TEG, respectively ( Fig. 4(c) ). It should be mentioned that while both the V oc and I sc are dependent on the triboelectric charge density (σ) and constitute as vital parameters to understand the behaviour of the TEG; V oc is affected by the charge density (σ) and some controllable effects, such as spacer distance (d), whereas the I sc is further dependent on the contact speed as well [40, 41] .
Thus, for assessing the device characteristics, it is often easier to compare the V oc values especially if the other test parameters such as contact speed cannot be fully controlled. By looking at the current density values given in Fig. 4(e) , it is quite obvious that the peak current output for PVDF/ZnSnO 3 TEG seems relatively unstable. At the working condition of 140 N/5 mm, the PVDF and PVDF-ZnSnO 3 TEGs supplied peak current (peak current densities) of 1.3 µA (0.23 mAm -2 ) and 4.6 µA (0.80 mAm -2 ), respectively, corresponding to a charge density of 30.2 µCm -2 and 52.9 µCm -2 . The values obtained from these systems are very similar to those obtained from nanostructured PVDF/PA6 system [9] . The rather unstable values obtained for the transitionary values of 290 N/10 mm can be explained by invoking the stress/strain induced polarisation effects in ZnSnO 3 nanocubes. It has been reported previously for ZnSnO 3 based piezo/triboelectric systems, below a certain stress/strain threshold, no significant enhancement in the electrical output was observed.
However, once this value was exceeded, the higher stress values being applied to the system and hence to the ZnSnO 3 nanocubes embedded inside the PVDF matrix, results in the generation of stronger piezoelectric potential and higher charge density from the PVDF- [23, 42, 43] . Indeed, at still higher stress values of 489 N, the stress induced alignment ensures that much more stable current output is obtained for PVDF-ZnSnO 3 TEG.
In fact, the respective values for PVDF and PVDF-ZnSnO 3 TEG were 5.5 µA (55. In order to determine the influence of impact frequency to the output of TEG, the output performance of PVDF-ZnSnO 3 /PA6 TEG was tested under 1-7 Hz working frequency ( Fig. 5   (a, b) ). It should be mentioned that the applied force increased as a function of the frequency Similarly, the electrical output from PVDF-ZnSnO 3 /PA6 TEG was measured at a fixed frequency (3 Hz) while changing the spacer distance between them from zero to nearly 20 mm. The test with zero spacer between the membranes is to clarify whether the piezoelectric effect is responsible for the power generation or not as the force is directly applied to the sample with no triboelectric effect. Although small gaps between the two membranes and elastic properties of the membranes may contribute to the TEG effect, the output of the generator is mostly from piezoelectric effect. As it can be seen that the output voltage is less than 3 V, thus the majority of the power generated by the TEG is indeed through the triboelectric effect. Theoretically, the electric output from TEG should only be visible in the process when two dissimilar dielectric materials either start to approach or separate from each other, while the piezoelectric effect should be observable when a complete contact of the two layers is achieved and a mechanical stress is applied consequently. As shown in Fig. 5(c) , when the spacer between the two layers of the PVDF-ZnSnO 3 /PA6TEG was completely removed, the output voltage was reduced drastically; however, a signal of approximately 3 V was still observed with phase-inversion symmetry caused due to its piezoelectric nature.
However, it was observed that with a change in the spacer distance, the force measured by the sensor when the two materials actually come into contact is dramatically influenced by the spacer distance and as such cannot be controlled precisely. Furthermore, by modulating the spacing between the dielectric layers to 20 mm, the PVDF-ZnSnO 3 /PA6 TEG can provide a peak-to-peak voltage of nearly 1200 V. From the Fig. S5 (Supporting Information), it can be clearly observed that the V oc is also proportional to the force applied on the TEG. Thus, both the variation of working frequency and spacer distance illustrate that the electric output of PVDF-ZnSnO 3 /PA6 TEG device is strongly dependent on the impact force used to drive the TEG.
According to previous studies [40] , the V-Q-x relationship for the contact-mode TEG can be given by the following equation:
where Q is the amount of the transferred charge, S is the area size of the metal electrodes, x is the separation (spacer) distance between two charged layers, σ is the charge density of the inner surface of two triboelectric layers and ε 0 is the vacuum permittivity. For dielectric-todielectric TEG, the d 0 can be expressed as
where d 1 and d 2 are the thickness of the PA6 and PVDF-ZnSnO 3 membranes, respectively and the ε r1 and ε r2 refer to the relative permittivity of PA6 and PVDF-ZnSnO 3 , respectively.
Since the values were test at open-circuit condition, no charge transfer occurs between the two electrodes, which means the value of Q can be considered as 0. Therefore, the V oc can be Furthermore, it was observed that the V oc of the PVDF-ZnSnO 3 /PA6 TEG did not saturate even when the applied impact force was increased to the magnitude of over 1600 N. Due to its large input detection range and displayed linear relationship, the PVDF-ZnSnO 3 /PA6
TEGs can be expected to be utilized as pressure, tactile sensors.
It is widely recognized that both PVDF [17, 18, 44] and ZnSnO 3 [23, 42, 43, 45] have strong piezoelectric response and thus have been employed previously for energy harvesting applications. The PVDF-ZnSnO 3 /PA6 TEG was further utilised as an energy harvesting device to drive a series of over 40 LEDs without any charge storage. For this, the contactseparation process of TEG (20 mm spacer distance) was driven by a repetitive compressive force applied by hand. Furthermore, comparison with a PVDF/PA6 TEG with a PVDF film obtained by conventional hot-pressing technique was also carried out to ascertain the effect of phase-inversion and indeed the addition of ZnSnO 3 to the PVDF matrix. It was observed that the maximum peak value of output voltage of TEG fabricated by PVDF-ZnSnO 3 blend membrane and PA6 was measured to be 222 V and the maximum output voltage of pristine PVDF/PA6 TEG at the same condition was 122 V, while that with the hot-press PVDF membrane was restricted to 30 V only (see supplementary information, S6). While the LEDs could be turned on easily ( Figs. 6(a, b) ) by pressing of the TEG by hand, it was observed that full brightness could be achieved ( Fig. 6(d) ) using a 1 μF capacitor which was charged up by repeated pressing of the TEG, in which the voltage developed across the capacitor was dependent on the number of press of the TEG (see Fig. 6(c) ). Now, the significant differences in the hot-pressed and phase-inversion membranes can be discussed in light of the role of rapid quenching and fast solvent-non-solvent interactions. As discussed in our earlier work, fast quenching at low temperatures induces a strong thermal field gradient, causing the crystals to align along the thermal field direction [19] .
Furthermore, the possible hydrogen bonding between the C-F group of PVDF with the O-H group of the water of the PVDF molecule can lead to orientational effects in the resulting membrane [19, 46, 47] . It has been previously observed that during the immersion of the dope solution in a non-solvent bath, the solvent non-solvent mass exchange is rapid, leading to enhanced interfacial polymer concentration. The conformation entropy changes occurring due to this increase in the polymer concentration leads to higher orientation and packing of the CH 2 -CF 2 dipoles, leading to the formation of β-phase [24] . Thus, as compared to phase inversion method, the hot-press method in which there is no preferential orientation of the dipoles low, significantly low polarisation is obtained which is reflected in the much lower voltage output of the TEG. This is in line with results obtained by Bai et al. in which the dipole moment in polarised PVDF was tuned to significantly enhance the voltage output from 72 V to 215 V [28] . It was proposed that the presence of bond charges generated by aligned dipoles can influence the potential energy and the resulting surface charge density of the PVDF thin films [28] .
Electric microscopy characterization of membranes
In order to further investigate the electrical charge present in pristine PVDF and PVDF- respectively. In EFM, the AFM cantilever scans the surface morphology, followed by a retrace of the trajectory with its resonance frequency 0 at a fixed height (lift height, ). In the second scan (lift mode), the electrostatic force gradient can be reflected by the cantilever frequency shift, ∆ , with respect to its resonance frequency, 0 , [48] [49] [50] 
where is the spring constant of the AFM cantilever, C is the capacitance between the tip and the sample, , is the bias applied to the tip with respect to the sample, , the surface potential and the additional surface potential proportional to the stored surface charge .
The sample was grounded, and a bias of 0. PVDF membranes. It is worth pointing out that further enhancement of the power of PVDF-ZnSnO 3 /PA6 TEG can be carried out using controlled, patterned micro/nano structuring. This is under investigation, and will be reported elsewhere.
Conclusions
In summary, we report high performance, PVDF-ZnSnO 3 /PA6 TEGs incorporating (c) differences between the peak V oc for the two TEGs; corresponding short circuit current values for (d) PVDF/PA6 TEG and (e) PVDF-ZnSnO 3 /PA6 TEG. PFM phase images of pristine PVDF and PVDF-ZnSnO 3 membranes respectively.
